Elevated expression of steroid receptor coactivator-3 (SRC-3), a member of the p160 family of nuclear receptor coactivators, has been implicated in tamoxifen resistance of breast tumors while the involvement of the two other members of this family, SRC-1 and SRC-2, is less well characterized. In this study, using small interfering RNA-based silencing, the role of each SRC coactivator in the growth of the LCC2 estrogen-independent and tamoxifen-resistant breast cancer cell line was evaluated. The loss of SRC-1, SRC-2, or SRC-3 did not significantly alter LCC2 proliferation or cell cycle distribution of 4-hydroxytamoxifen-versus vehicle-treated cells. However, depletion of SRC-2 and SRC-3, but not SRC-1, decreased basal cell proliferation and increased apoptosis. Cell cycle analyses further illustrated the divergent contributions of SRC-2 and SRC-3 with depletion of the former increasing the percentage of cells in the G 0 G 1 and sub-G 0 G 1 phases of cell cycle yet maintaining sensitivity to estradiol and ICI 182 780 antiestrogen, while SRC-3 depletion increased cells in the sub-G 0 G 1 phase and ablated response to estrogen receptor a (ERa) ligands. Surprisingly, the effects of SRC coactivator depletion on ERa transcriptional activity, as measured by luciferase reporter gene, did not correspond to the observed effects on proliferation (e.g. SRC-1 knockdown increases ERa activity). Collectively, these data indicate that SRC control of basal and hormone-regulated proliferations is not solely mediated by ERa, and suggest that targeting growth inhibition by disrupting SRC-2 and SRC-3 function may be an effective approach to inhibit the growth of tamoxifen-resistant breast cancer.
Introduction
The female sex steroid 17b-estradiol (E 2 ) is important in normal growth and development of mammary gland, although an elevated exposure to this hormone has a crucial role in progression of carcinogenesis (Nilsson et al. 2001) . Owing to the connection between estrogens, cell proliferation, and breast cancer, there has been a great interest in the use of estrogen receptor (ER) antagonists to combat this disease. Over the past few decades, tamoxifen has been the most widely used endocrine therapy for treatment of ER-positive breast cancer and its use as an adjuvant significantly improves the survival of early stage breast cancer patients (Early Breast Cancer Trialists' Collaborative Group 1998) . Tamoxifen resistance is, however, a major problem in the treatment of breast cancer. A significant number of patients, despite the presence of ERa in their breast tumors, exhibit de novo tamoxifen resistance, while others who initially responded to tamoxifen therapy will develop resistance to this therapy. Accordingly, one of the major challenges in adjuvant treatment of breast cancer is to better understand the molecular mechanisms of such resistance in anticipation that this will facilitate the development of approaches to avoid resistance to endocrine therapy.
The transcriptional activity of ERa is dependent on the nature of the ligand that occupies its ligand-binding pocket (e.g agonist or antagonist) and as a consequence the receptor's interaction with various coregulators that positively (coactivators) or negatively (corepressors) influence gene expression. The three members of the p160 family of steroid receptor coactivators (SRCs) are strong regulators of ERa transcriptional activity and are among the best characterized coregulators for nuclear receptors. The family members include SRC-1 (NCoA1), SRC-2 (TIF2/GRIP-1/NCoA2), and SRC-3 (AIB1/ACTR/pCIP/RAC3/TRAM-1/NCoA3). These coactivators interact with agonist-bound ERa and in doing so recruit other coactivators such as CBP/p300 or CARM1/PRMT1 that possess chromatin remodeling enzymatic activities such as histone acetyltransferase and methyltransferase. These in turn relax chromatin structure and increase the accessibility of basal components of the transcriptional machinery to ERa target genes.
The p160 family of coactivators shares significant structural and functional similarity, and all of them can stimulate ERa activity. Functionally, exogenous expression of all of the p160 coactivators stimulates E 2 -dependent ERa activity in trans-activation assays conducted in HeLa cells (Xu & Li 2003) while small interfering RNA (siRNA)-mediated depletion of each SRC coactivator decreases ERa activity in MCF-7 breast cancer cells (Karmakar et al. 2009 ). Likewise, all three p160 coactivators positively regulate E 2 -dependent expression of the endogenous ERa target gene, pS2 (Labhart et al. 2005) . However, the distinct phenotypes of SRC coactivator knockout mice suggest that these molecules are not redundant (Xu & Li 2003) . Consistent with this, siRNA depletion of individual SRC coactivators reveals SRC-specific effects in the regulation of endogenous ER target genes other than pS2 such as progesterone (P 4 ) receptor (PR) and Bcl-2 in MCF-7 cells (Karmakar et al. 2009 ). The SRCs also exhibit differential regulation of nuclear receptor transcriptional activity in an MMTV model system where SRC-1 preferentially activated PR and SRC-2 showed preference for glucocorticoid receptor (GR; Li et al. 2003) . There are also instances where SRC-2, but not SRC-1 or SRC-3, is required for the repressive effects of GR and ER on ligand downregulated genes (Rogatsky et al. 2002 , Cvoro et al. 2006 . Thus, there is increasing evidence that the p160 coactivators can play distinct as well as overlapping roles depending on the biological context.
The p160 family of coactivators also has been implicated as mediators of endocrine resistance in breast cancer. Initial studies on SRC-3 overexpression in transient transfection assays suggested that elevated expression of this coactivator increases the agonistic activity of ER and reduces the growth inhibitory activity of tamoxifen (Smith et al. 1997) . Subsequently, two members of the p160 family of coactivators (SRC-1 and SRC-3) have been demonstrated to be involved in tamoxifen resistance in breast cancer patients. High expression of SRC-3 in conjunction with erbB2 overexpression is correlated with poor disease-free and overall survival . There is also evidence indicating an association between SRC-3 protein expression and breast tumor recurrence in erbB2-positive breast tumors . In cell culture studies, depletion of SRC-3 from a tamoxifen-resistant, erbB2-positive breast cancer cell line, BT474, increased tamoxifen sensitivity (Su et al. 2008) . Collectively, these studies indicate that SRC-3, perhaps via cross talk with the HER2 signaling pathway, blocks the antagonistic activity of tamoxifen. Although the involvement of SRC-1 in tamoxifen resistance is less well documented than for SRC-3, examination of SRC-1 expression in ER/PR-positive breast tumors of patients that have undergone chemotherapy and tamoxifen adjuvant treatment revealed that SRC-1 expression was associated with disease recurrence in a subgroup patients whose tumors were also HER2-positive . SRC-1 has been found to be an independent predictor of disease recurrence, irrespective of endocrine treatment (Redmond et al. 2009) , and there is cell-based evidence that increased expression of SRC-1 results in tamoxifen agonism (Smith et al. 1997 , Shang & Brown 2002 . Thus, the collective, available data suggest that expression of SRC-1 and SRC-3 is associated with resistance to tamoxifen.
In a previous study, we have demonstrated that p160 coactivators play unique roles in the growth of ligandresponsive MCF-7 breast cancer cells (Karmakar et al. 2009 ). However, the role of this coactivator family in the proliferation of ERa-positive, but ligandinsensitive (i.e. E 2 or 4-hydroxytamoxifen (4HT)), breast cancer cells is unknown. This is important because multiple lines of evidence support an association between SRC-1 and SRC-3 expression and tamoxifen resistance of ERa-positive breast tumors, but to date no studies directly compare the relative contribution of SRC-3 and the two other p160 coactivators with growth of tamoxifen-resistant breast cancer cells. In this study, experiments were initiated to examine the contribution of each individual member of the p160 coactivator family in proliferation and survival of an estrogen-independent and tamoxifenresistant breast cancer cell line, LCC2. This line was generated by a multistep process beginning with a selection for MCF-7 cell growth in ovariectomized nude mice; the estrogen-independent cell line derived thereof was called LCC1 (Brunner et al. 1993a) . These cells were then subjected to stepwise selection in S Karmakar et al.: p160 coactivators in LCC2 cell proliferation www.endocrinology-journals.org increasing concentrations of 4HT to produce the LCC2 cell line that grows independently of estrogen and is resistant to growth inhibition by 4HT in vitro and in vivo (Brunner et al. 1993b) . Importantly, LCC2 cells express the levels of ERa comparable to MCF-7 cells, and growth of this cell line is sensitive to ICI compounds indicating that they still require functional ER responses (Brunner et al. 1993b) . Experiments presented herein suggest that the SRC-2 and SRC-3 coactivators exert a blend of ligand-dependent and ligand-independent effects in the regulation of cell growth and apoptosis of LCC2 cells. However, sensitivity of cell proliferation to tamoxifen is not re-acquired by siRNA-mediated depletion of any of the p160 coactivators in these cells. Our data demonstrate that each of the coactivators differentially contributes to ERa activity and plays distinctive roles in regulating the proliferation and survival of estrogen-independent and tamoxifen-resistant LCC2 breast cancer cells.
Materials and methods
Chemicals, siRNAs, and plasmids E 2 and, the partial antiestrogen, 4HT were obtained from Sigma Chemical Company. The pure antiestrogen ICI 182 780 (ICI) was obtained from Tocris (Ellisville, MO, USA). All siRNAs were chemically synthesized by Ambion (Austin, TX, USA) as oligonucleotide duplexes, as described earlier (Karmakar et al. 2009) . A sequence targeting luciferase was used as the nonspecific siRNA control in all experiments except for those using luciferase reporter genes, which used Ambion's Silencer #2 as the negative control. The expression plasmids pCR3.1-ERa, pCR3.1-PR B , and corresponding reporter genes ERE-E1b-Luc and PRE-E1b-Luc respectively have been described previously (Nawaz et al. 1999) . The pEGFP-SRC-3-AAA mutant expression vector was made by substituting a ClaI to XbaI cassette from pCMV-Tag2B-SRC-3-AAA in which all three LXXLL motifs have been mutated to LXXAA (Zheng et al. 2005) into the wild-type pEGFP-SRC-3 plasmid (Amazit et al. 2007) . The control pEGFP plasmid is from Clontech Laboratories, Inc.
Cell culture and growth assays
The LCC2 cell line, a kind gift from Dr Robert Clarke, Georgetown University, was maintained in phenolred-free Improved Modified Eagle's medium (IMEM) with 5% charcoal-stripped FBS (sFBS). MCF-7 human breast cancer cells were obtained from American Type Cell Culture (ATCC, Manassas, VA, USA) and maintained in DMEM supplemented with 10% fetal bovine serum (FBS). For 6-day growth assays, 25 000 LCC2 cells and 100 000 MCF-7 cells were plated in each well of six-well plate and grown overnight in IMEM containing 5% sFBS and DMEM containing 10% FBS respectively. The next day, MCF-7 cells were washed with Hanks' Balanced Salt Solution (HBSS) and fed with DMEM containing 10% sFBS (day 0). Thereafter, cells were treated with VEH (0.1% ethanol), 1 nM E 2 , or 100 nM 4HT and allowed to grow for another 6 days with media plus hormone replacement on day 4. Cells were harvested on days 0, 4, and 6 from parallel set of cultures with 0.25% trypsin-EDTA (Invitrogen), and cell number was determined with a Beckman Z1 Dual Coulter Counter (Beckman Coulter, Fullerton, CA, USA). To determine the effect of depletion of SRCs on cell growth, 1 day prior to transfection, 2!10 5 LCC2 cells were plated into each well of a six-well multiplate and grown overnight in IMEM containing 5% sFBS. The next day, cells were transfected with 10 pmol siRNA-targeting luciferase (siControl), SRC-1 (5 pmol siSRC-1a and 5 pmol siSRC-1b; siSRC-1), SRC-2 (siSRC-2), or SRC-3 (siSRC-3) using Oligofectamine reagent according to the manufacturer's protocol (Invitrogen). After 4 h, cells were treated with VEH (0.1% ethanol), 1 nM E 2 , 100 nM 4HT, or 100 nM ICI. Two days later, media were replaced and fresh hormone was added. On day 5 post transfection, cells were harvested and counted. In addition, cells were also harvested in parallel and whole cell lysates were prepared and assessed by western blot to verify the reduction of coactivator protein levels by siRNA treatments. To determine the effect of overexpression of SRC-3 (wild type or mutated) on cell growth, 1 day prior to transfection, 2!10 5 LCC2 cells were plated into each well of a six-well multiplate and grown overnight in IMEM containing 5% sFBS. The next day, cells were transfected with 1 mg control vector (pEGFP) or vector harboring wild-type (wt, pEGFP-SRC-3) or mutated (mt, pEGFP-SRC-3-AAA) SRC-3 using Fugene 6 reagent according to the manufacturer's protocol (Roche). Four to five hours post transfection, the cells were fed with phenol-red-free IMEM supplemented with 5% sFBS and on day 5 post transfection, cells were harvested and counted.
Cell cycle distribution and apoptosis assays LCC2 cells were plated at a density of 2!10 5 cells/well of six-well plate in IMEM without phenol red supplemented with 5% stripped serum. The next day (day 0), the cells were transfected with 10 pmol siRNA/well (siControl, siSRC-1, siSRC-2, or siSRC-3) Endocrine-Related Cancer (2011) 18 113-127 www.endocrinology-journals.org using Oligofectamine. Four to five hours post transfection, the cells were fed with phenol-red-free IMEM supplemented with 5% sFBS and incubated for an additional 48 h followed by treatment with VEH (0.1% ethanol), 1 nM E 2 , 100 nM 4HT, or 100 nM ICI for 24 h. Thereafter, adherent cells were collected for flow cytometric analysis and both adherent cells and cell supernatant were collected for apoptosis assay (see below).
Analysis of cell cycle distribution by flow cytometry Adherent cells were collected, washed once with PBS, resuspended in 0.9% NaCl, and fixed with 100% ethanol. The cells were then washed again with PBS, resuspended in PBS containing 50 mg/ml propidium iodide (Sigma), and incubated with RNase A (Worthington Biochemical Corporation, Lakewood, NJ, USA) for 30 min at 37 8C. Samples were analyzed on a Beckman-Coulter EPICS XL-MCLs and the resulting data were examined using WinMDI free flow cytometric analysis program (Scripps Research Institute, La Jolla, CA, USA).
Analysis of apoptosis by Cell Death ELISA Apoptosis was detected by following the protocol for the Cell Death ELISA kit from Roche Applied Sciences. Briefly, cells were collected, appropriately diluted, and incubated on ice for 20-30 min for cell lysis. Following centrifugation, supernatants were stored at K20 8C until assay. Samples were then assessed for levels of histone-associated DNA fragments by ELISA assay. Absorbance was measured at 405 nm with an Original MultiSkan PLUS plate reader (Thermo Electron Corporation, Milford, MA, USA).
Trans-activation assays for ER and PR activity
Three !10 5 LCC2 cells were plated into each well of a six-well multiplate and grown overnight in IMEM containing 5% sFBS. The following day, siSRC-1, siSRC-2, or siSRC-3 was transfected as described above and Ambion's Silencer #2 was used as a negative control (siControl). Twenty-four hours thereafter, cells were transfected with 1 mg ERE-E1b-LUC reporter construct (ER trans-activation assay) or 50 ng PR B plasmid and 1 mg PRE-E1b-LUC reporter construct (PR trans-activation assay) using TransIT-LT1 following the manufacturer's instructions (Mirus, Madison, WI, USA), and 1 day later, cells were treated with VEH (0.1% ethanol) or hormone (1 nM E 2 or 100 nM P 4 , as appropriate) for an additional 24 h in phenol-red-free IMEM containing 5% sFBS. Duplicate wells were harvested, and cell extracts were prepared for luciferase activity using the Luciferase Assay System kit (Promega) and a Luminoskan Ascent (Thermo Labsystems, Thermo Electron Corporation). Relative luciferase units were normalized to total cellular protein measured by Bio-Rad protein assay (Bio-Rad). A third well was harvested in parallel from which whole cell lysates were extracted to verify coactivator downregulation by western blot analysis.
Reverse transcription and quantitative real-time PCR
For monitoring endogenous ER-responsive genes, LCC2 cells were plated in phenol-red-free IMEM with 5% sFBS. Cells were transfected with the specified siRNAs and placed in phenol-red-free IMEM with 5% sFBS. Forty-eight hours later, they were treated with VEH (0.1% ethanol) or 1 nM E 2 for 24 h and harvested for RNA isolation using Trizol (Invitrogen). RNA was reverse transcribed with random primers and SuperScript II reverse transcriptase according to Invitrogen's protocol. Reactions for quantitative PCRs (qPCRs) were conducted using TaqMan (PR and 18S) or Power SYBR Green (pS2) PCR master mixes (Applied Biosystems, Foster City, CA, USA), and samples were amplified with the ABI Prism 7500 sequence detector (Applied Biosystems). Primers for pS2 (Labhart et al. 2005 ) and primer and probe sequences for PR have been published (Peterson et al. 2007 ). All mRNA quantities were normalized against 18S RNA using Eukaryotic 18S rRNA endogenous control reagent (Applied Biosystems).
Western blot analyses
Western blot analyses were performed following the protocol as described earlier (Karmakar et al. 2009 ). Briefly, equal amounts of protein from cell lysates were resolved by SDS-PAGE (using Invitrogen's precast 3-8% tris-acetate gels), electro-transferred to nitrocellulose membrane, and probed with primary antibodies (see below) and the appropriate HRPconjugated secondary antibody. Signals were detected by chemiluminescence using ECL Plus (GE Healthcare, Biosciences, Piscataway, NJ, USA) with XO-1 blue film (Kodak). The primary antibodies were as follows: anti-ERa (HC-20, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-ERb (PAI-311, Pierce Biotechnology, Rockford, IL, USA), anti-SRC-1 (612378, BD Transduction Laboratories, San Jose, CA, USA), anti-SRC-2 (610985, BD Transduction Laboratories), anti-SRC-3 (611095, BD Transduction Laboratories), anti-PR (1294; a kind gift from S Karmakar et al.: p160 coactivators in LCC2 cell proliferation www.endocrinology-journals.org Dr Dean Edwards, Baylor College of Medicine), and anti-actin (MAB1501R, Chemicon, Temecula, CA, USA). Recombinant ERb (human long form) was purchased from Invitrogen.
Results
The work of several investigators have implicated elevated expression of SRC-3 in conjunction with erbB2 as molecular events that enable breast cancer cells to grow in the presence of tamoxifen , Lahusen et al. 2007 ). The overall objective of this study is to determine the role of each of the p160 family coactivators in the growth of the LCC2 tamoxifen-resistant breast cancer cell line. This cell line was derived from MCF-7 cells via a multistep process such that their growth was estrogen independent and tamoxifen insensitive. However, similar to MCF-7 cells, LCC2 cells express ERa and retain sensitivity to ICI 182 780 and ICI 164 384 (Brunner et al. 1993b , Coopman et al. 1994 , indicating that they require functional ERa responses. The proliferative response of LCC2 and MCF-7 cells to ER ligands was compared in our laboratory by a growth assay. As shown in Fig. 1 , the proliferation profile of LCC2 cells differs from that of tamoxifen-sensitive MCF-7 cells. Under basal conditions, MCF-7 cell number increased approximately threefold from day 0 to day 6. As expected, in comparison to vehicle-treated controls, E 2 significantly increased proliferation, both after 4 and 6 days of treatment, indicating that MCF-7 cells were strongly growth stimulated by E 2 treatment, while tamoxifen showed partial agonistic activity (Fig. 1A) . In contrast, cell number for basal LCC2 growth conditions increased by w17-fold from day 0 to day 6 and only mild estrogenic growth stimulation was observed with respect to the vehicle controls on days 4 and 6 (Fig. 1B) . Importantly, proliferation of these cells was unaffected by tamoxifen on day 4 or 6 compared to the respective vehicle-treated control cells, indicating that the robust ligand-independent growth of LCC2 cells was insensitive to tamoxifen treatment. Thus, the proliferation of these LCC2 cells was weakly estrogen sensitive and tamoxifen resistant. To test the possibility that the disparity in growth pattern between these to cell lines could be due to differential expression of p160 coactivators or ERs (a or b), their levels were examined in MCF-7 and LCC2 cells by western blotting. Comparable levels of each of the SRC coactivators (Fig. 1C) and the 66 kDa band of ERa (Fig. 1D) were found for each cell type while ERb expression was undetectable. This indicates that the hormonal insensitivity of the proliferation of LCC2 cells was not due to variation in expression of these factors.
In order to test the importance of the SRC-3 coactivator for growth of the LCC2 breast cancer cells in comparison to the other two members of the p160 coactivator family, SRC-1 and SRC-2, the expression of each coactivator was depleted by siRNA. Our previous work on MCF-7 cells demonstrated that these siRNAs were specific for their respective targets and reduced coactivator expression within 24 h of transfection (Karmakar et al. 2009 ). To test the effectiveness of the siRNAs in LCC2 cells, they were transfected with either control siRNA or siRNA directed against SRC-1, SRC-2, or SRC-3 followed by treatment with either vehicle, 1 nM E 2 , 100 nM 4HT, or 100 nM ICI for 5 days and were harvested for western blot analyses. Each of the p160 coactivators siRNAs effectively downregulated their respective targets, and this downregulation was maintained for at least 5 days after transfection, indicating that SRC depletion could be maintained for a sufficient period of time to conduct cell proliferation assays (Fig. 2) . The expression of the SRC coactivators was not significantly affected by treatment with either E 2 or antiestrogens.
Having established the ability of siRNAs to suppress SRC coactivator expression for at least 5 days, the effect of SRC depletion on LCC2 cell proliferation was assessed. As expected, 4HT did not affect the growth of the tamoxifen-resistant LCC2 cell line transfected with the control siRNA while E 2 treatment modestly increased and ICI significantly reduced cell number compared to that observed for vehicle-treated controls (Fig. 3A) . Depletion of SRC-1 slightly increased LCC2 cell proliferation both in the presence or absence of estrogen; this effect was not significant. Inhibition of the proliferation of SRC-1-depleted LCC2 cells by ICI indicated that these cells retained ERa-dependent, but ligand-independent, growth. In contrast, depletion of either SRC-2 or SRC-3 inhibited the growth of LCC2 cells. The growth of E 2 or 4HT-treated cultures of SRC-2-depleted LCC2 cells was significantly reduced in comparison to siControl cultures. The difference between the control and SRC-2-depleted vehicletreated cells approached significance (PZ0.053), suggesting that the loss of SRC-2 expression reduced the ligand-independent growth of vehicle-treated cells. It seems likely that the growth of SRC-2-depleted cells retains some requirement for ERa, as there was a trend (PZ0.090) toward reduced cell number in ICI-treated cells. Depletion of SRC-3 produced the strongest inhibitory effect on LCC2 growth, with comparable cell numbers for vehicle and each of the ligand-treated cultures. Growth inhibition by ICI was not apparent for Endocrine-Related Cancer (2011) 18 113-127 www.endocrinology-journals.org SRC-3-depleted cultures indicating that the ligandindependent and ERa-dependent growth of LCC2 cells is largely reliant on SRC-3 expression. Moreover, the cell number for these cultures was lower than for ICI-treated control siRNA cells, suggesting that growth inhibition associated with SRC-3 depletion reflects more than the loss of ERa function.
To further test the role of SRC-3 in mediating growth, LCC2 cells were transfected with expression vectors for either wild-type SRC-3 or an SRC-3 mutant in which all three LXXLL motifs utilized for binding to ERa were mutated. Growth assays revealed a strong increase in LCC2 cell number induced by wild-type SRC-3 while the SRC-3-AAA mutant induced a significant but much lower increase in LCC2 cell proliferation (Fig. 3B) . These results confirm the ability of SRC-3 to promote ligand-independent growth of LCC2 cells and indicate that a portion of this simulation is independent of LXXLL-mediated SRC-3 binding to ERa. Coactivators were GFP tagged in this experiment in order to assess the relative levels of exogenous wild-type versus mutant SRC-3, which were found to be similar by western blot analyses (Fig. 3D) . Trans-activation assays confirmed that the ability of SRC-3 to stimulate ERa transcriptional activity was largely dependent on intact LXXLL motifs, however, the weaker activity of the SRC-3 mutant indicated a modest ability to enhance ERa function independent of these interaction sites (Fig. 3C ) potentially via the receptor's AF-1 domain (Webb et al. 1998 , Dutertre & Smith 2003 . Thus, the ability of the mutant SRC-3 to promote LCC2 proliferation reflects an LXXLL motif-independent effect mediated via ERa and/or other transcription factors.
To further investigate the impact of SRC coactivator depletion on LCC2 cell proliferation, the distribution of p160-depleted cells throughout the cell cycle was evaluated by flow-cytometric analyses. In vehicletreated cultures, 3 days after transfection with control siRNA, cells are found primarily in the G 0 G 1 (57.48 G3.31%) and S/G 2 -M (42.06G3.20%) phases of cell cycle, with a small population of cells (0.88G0.19%) in the sub-G 0 G 1 phase (Fig. 4) . Treatment with E 2 for 24 h produced an increase in the percentage of cells in S/G 2 -M at the expense of a corresponding decrease in MCF-7 Figure 1 Comparison of cell proliferation and expression of SRC coactivators and estrogen receptors in MCF-7 and LCC2 breast cancer cells. MCF-7 (A) and LCC2 (B) cells cultured in phenol-red-free DMEM containing 10% sFBS and phenol-redfree IMEM containing 5% sFBS respectively were treated with VEH (0.1% ethanol), E 2 (1 nM), or 4HT (100 nM) and allowed to grow for 6 days. Cells were harvested from parallel sets of cultures and counted on days 0 (on the day of hormone addition), 4, and 6. The experiment was repeated three times in triplicate and data were plotted as relative change of cell number with time, setting the number corresponding to E 2 -treated cells on day 6 as 100. Data are reported as the average GS.E.M. Statistical analyses by Student's t-test indicate *P!0.05, **P!0.001, and † PZ0.052 versus each group's vehicle control. Expression of (C) SRC coactivators and (D) ERa and ERb was assessed for each cell type by western blot. Actin was used as a loading control and recombinant ERb (rERb) was used in panel (D) as a positive control. Expression analyses were conducted three times and representative blots are shown. It was noted that the ICI and in particular E 2 effects on cell cycle distribution were more prominent than those observed for the 5-day growth assay described above, and this likely reflects that these ligand treatments were applied to cells grown under conditions that would synchronize MCF-7 cells (e.g. reduced serum concentrations) for only 24 h. Treatment with 4HT did not alter cell cycle distribution in comparison to vehicle-treated cells and this demonstrates the absence of a growth regulatory effect of this antiestrogen on LCC2 cells, even under assay conditions that emphasize the ability of ligands to regulate cell proliferation.
Depletion of SRC-1 did not alter the distribution pattern of cells throughout the cycle, consistent with the results obtained for the cell proliferation experiments. Likewise, depletion of SRC-2 did not substantially alter the ability of E 2 or ICI to influence the distribution of cells throughout the cycle. The loss of SRC-2 did not enable 4HT to alter cell distribution relative to vehicle-treated cells. However, a hormoneindependent effect was observed with an w7% increase in the percentage of cells in the G 0 G 1 phase (to 64.46G1.56%) of vehicle-treated cells relative to the vehicle-treated siControl group and a near doubling of the cells present in the sub-G 0 G 1 phase (1.41 G0.26%) that was compensated for by an w8.5% decrease in the percentage of cells in the S/G 2 -M phase. Thus, depletion of SRC-2 appears to decrease the basal growth of LCC2 cells with little effect on the ability of the cells to respond to ERa ligands.
Consistent with the cell growth data, depletion of SRC-3 blocked the ability of ER ligands to alter the cell cycle distribution of LCC2. In the absence of ligand, the percentage of cells in the G 0 G 1 or S/G 2 -M phase were unaltered by SRC-3 depletion, as compared to that in control siRNA cells. Moreover, none of the tested ER ligands were able to induce a shift in those two phases in SRC-3-depleted cells relative to the vehicle-treated control. Depletion of SRC-3 did, however, provoke a greater than eightfold increase in the percentage of cells in the sub-G 0 G 1 population. Estrogen treatment tended to decrease cells in the sub-G 0 G 1 population (7.13G1.39 to 3.76G0.72%) at (1 nM), 4HT (100 nM), or ICI (100 nM) and allowed to grow for 5 days. Thereafter, cells were harvested, lysed, and total proteins were resolved by SDS-PAGE followed by western blotting for SRC coactivators and actin. (B-D) Blots from two independent experiments were quantitated by densitometry and normalized to actin. Bars represent the average G the range of individual values. (2011) 18 113-127 www.endocrinology-journals.org the expense of a corresponding increase in the cells in the S/G 2 -M phase (35.93G2.14 to 39.59G2.20%), but this was not significant (PZ0.098 and 0.299 respectively). Collectively, these results indicate that depletion of SRC-2 and SRC-3 reduces cell proliferation via different mechanisms with the loss of SRC-2, working primarily through a hormone-independent shift in the baseline distribution of cells from the S/G 2 -M to G 0 G 1 phase with retention of ERa activity, while SRC-3 depletion results in a shift of cells into the sub-G 0 G 1 phase and a significant loss of ER ligand control of cell cycle distribution. In no case did SRC coactivator depletion enable 4HT to alter the cell cycle distribution in comparison to vehicle-treated cells.
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The increase in SRC-2-and SRC-3-depleted cells in the sub-G 0 G 1 population suggested that loss of these coactivators may increase apoptosis. To test independently for this, LCC2 cells were transfected with control and p160 coactivator siRNAs, exposed to vehicle, and 24 h thereafter were assessed by a Cell Death ELISA, which measures the levels of nucleosome-DNA complexes. A significant increase in apoptosis was observed for cultures depleted of SRC-2 or SRC-3 (Fig. 5A ). The effect of ligand treatment on SRC-3-depleted cells was also tested by the Cell Death ELISA because of the variation in the percentage of sub-G 0 cells detected by the cell cycle distribution assays (Fig. 4) . Consistent with the above results, there was no significant difference in the extent of apoptotic cells among the hormone-treated groups (Fig. 5B) . These results in conjunction with the cell cycle distribution data indicate that SRC-2 and SRC-3 provide a hormoneindependent survival function to LCC2 cells.
To determine whether the impact of SRC coactivator depletion on hormonal regulation of cell proliferation and cell cycle distribution was reflected in the changes of ERa transcriptional activity, trans-activation assays were conducted in LCC2 cells with or without p160 coactivator depletion. This enables ERa activity to be assessed largely independently of the other transcription factors that would be present on endogenous ERa target genes. In control cells, E 2 treatment significantly increased ER transcriptional activity (Fig. 6A) , suggesting that E 2 -ERa activity measured with an ERE-luciferase reporter gene is operational in LCC2 cells even though the receptor's transcriptional activity is not reflected in cell growth. The transcriptional activity of ERa was greatly increased in SRC-1-depleted versus siControl cells either in the absence of hormone or with estrogen treatment indicating a repressive effect of this p160 coactivator on the expression of the luciferase reporter gene. As for the control cells, there was no correlation between SRC-1 ), were assessed for the expression of wt SRC-3 and GFP-SRC-3 by western blot using antibody specific for SRC-3. Actin was used as a loading control.
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www.endocrinology-journals.org regulation of ERa activity, measured by luciferase activity, and the lack of impact of SRC-1 depletion on LCC2 cell growth. In contrast, inhibition of SRC-2 or SRC-3 expression reduced E 2 -induced ERa activity without altering the receptor's basal activity, which differed from the significantly decreased proliferation of vehicle-treated SRC-2-and SRC-3-depleted cells. Overall, there is little to no correlation on the impact of p160 coactivator depletion between ERa transcriptional activity and regulation of LCC2 cell growth. To ensure that SRC family coactivator depletion did not impact the expression of ERa, western blot analyses of parallel cultures were performed. Depletion of the coactivators did not alter the levels of ERa in vehicle-treated cells, and E 2 treatment induced downregulation of ERa expression (Fig. 6B) . The ability of SRC-1 to repress ERa transcriptional activity was surprising, and therefore to determine whether this extended to other steroid receptors, the impact of p160 coactivator depletion was tested for PR. The much lower levels of PR in LCC2 than MCF-7 cells (Fig. 6D) prompted us to transfect a PR B expression plasmid along with the luciferase reporter gene for this trans-activation assay. This also avoided the potentially confounding influence of SRC depletion affecting the expression of PR, itself an ER target gene. In contrast to ERa, PR activity requires both SRC-1 and SRC-2 and is independent of SRC-3 expression (Fig. 6C) . Thus, the ability of SRC coactivators to regulate transcriptional activity is dependent on the Figure 5 Depletion of SRC-2 and SRC-3, but not SRC-1, induces apoptosis in LCC2 cells. (A) LCC2 cells were subjected to siRNA transfection and then allowed to grow 48 h in phenolred-free IMEM containing 5% stripped serum followed by exposure to VEH (0.1% ethanol) for an additional 24 h. Thereafter, cells (both adherent and nonadherent) were collected and assayed by Cell Death ELISA. The experiment was repeated six times and data represent the average GS.E.M., setting the number corresponding to the control group as 100. Statistical analyses were performed by t-test and indicate *P!0.05 versus siControl cells. (B) LCC2 cells were transfected with control or SRC-3 siRNA as above and 48 h thereafter were treated with VEH (0.1% ethanol), E 2 (1 nM), 4HT (100 nM), or ICI (100 nM) for 24 h followed by assessment by Cell Death ELISA. Data represent average GS.E.M. of three experiments; '*' indicates P!0.05 versus VEH-treated siControl cells.
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www.endocrinology-journals.org identity of the steroid receptor. To determine whether the contribution of the individual p160 coactivators to ERa transcriptional activity measured by reporter assay was reflected in the regulation of endogenous genes, the impact of SRC coactivator depletion on the expression of two well-characterized ERa target genes (PR and pS2) was examined ( Fig. 6E and F) . For both the genes, E 2 -induced expression was significantly decreased by SRC-3 depletion. However, the effect of SRC-1 and SRC-2 siRNA treatment is gene dependent; pS2 was unaffected by silencing of either coactivator, while PR mRNA expression was downregulated and upregulated respectively.
Discussion
Several independent studies have reported an association of SRC-3 expression with tamoxifen resistance, both in the clinical setting as well as in breast cancer cell lines , Su et al. 2008 . However, the contribution of the two other p160 family members to the growth and survival of tamoxifen-resistant breast cancer cells is less well understood. In this study, we used the E 2 -independent, 4HT-resistant LCC2 cell line, which is derived from MCF-7 cells to address the role of each of the p160 coactivators in this tamoxifen-resistant phenotype. Our results demonstrate that the loss of SRC-1, SRC-2, or SRC-3 did not significantly alter LCC2 proliferation or the cell cycle distribution in 4HT-versus vehicletreated cells. However, a differential requirement of the various p160 coactivators for growth and survival of LCC2 cells was observed as depletion of SRC-2 and SRC-3, but not SRC-1, decreased cell proliferation. Cell cycle analyses further illustrated the different contributions of SRC-2 and SRC-3 in control of LCC2 proliferation with SRC-2 depletion increasing the percentage of cells in the G 0 G 1 and sub-G 0 G 1 phases of the cell cycle yet maintaining sensitivity to E 2 and ICI, while SRC-3 depletion resulted in a large increase in sub-G 0 G 1 phase cells and loss of response to estrogen and ICI antiestrogen. Consistent with prior reports (Brunner et al. 1993b ), LCC2 cells express ERa and are growth inhibited by ICI antiestrogen, indicating a requirement of ERa for growth and survival. It was therefore surprising that the effects of p160 coactivator depletion on ERa transcriptional activity measured by luciferase assay did not correspond to the observed effects on proliferation, thus, indicating that mechanisms other than, or in addition to, regulating ERa activity are determinants of SRC coactivator control of basal and hormone/antihormoneregulated proliferation. This study clearly demonstrates that SRC-1 had little to no role in regulating the overall growth of LCC2 cells, and this is consistent with prior in vitro experiments in which SRC-1 had little impact on the proliferation of MCF-7 cells (Karmakar et al. 2009 ). The absence of a role for SRC-1 in breast tumor growth also is observed in a mouse mammary tumor viruspolyoma middle T (PyMT) breast cancer mouse model where tumor formation and growth were similar in wild-type versus SRC-1 K/K mice, although SRC-1 was found to play an intrinsic role in tumor cell metastasis (Wang et al. 2009) , and subsequently shown to regulate the expression of the metastasis regulator, Twist (Qin et al. 2009 ). The lack of effect of SRC-1 depletion on the growth of tamoxifen-treated cultures was somewhat surprising as SRC-1 expression has been shown to be important for cell cycle progression of tamoxifen-treated Ishikawa endometrial carcinoma cells as well as for tamoxifen induction of the c-Myc cell cycle regulator (Shang & Brown 2002) . However, there was a small but not significant increase and decrease in cells in the G 0 G 1 and S/G 2 -M phases respectively of tamoxifen-versus vehicle-treated SRC-1-depleted cells that were not observed in control cells; these trends suggest that the antagonistic properties of tamoxifen may be slightly enhanced in SRC-1-depleted cells. Some, but not all, studies have found a correlation between increased SRC-1 expression and tamoxifen resistance in breast cancer (Morrison et al. 2003 , Sarvilinna et al. 2006 , and our results argue that further studies are warranted to evaluate the contribution of SRC-1 to endocrine resistance in breast cancer.
There also was no impact of SRC-1 depletion on apoptosis. In contrast, depletion of SRC-3 provoked a strong increase in the percent of LCC2 cells in the sub-G 0 G 1 population while increases induced by SRC-2 depletion were subtle. The percentage of cells in the sub-G 0 G 1 phase was not, however, reflected in the apoptosis assay, suggesting that for SRC-3-depleted cultures the majority of cells in the sub-G 0 G 1 phase were not reflective of apoptosis, but rather pointed toward nonapoptotic mechanisms such as autophagy and necrosis. Nonetheless, our data clearly implicate SRC-2 and SRC-3 as hormone-independent survival factors in these breast cancer cells. We had found previously that depletion of SRC-1 and SRC-3 reduced the expression of the anti-apoptotic protein, Bcl-2 in LCC2 cells (Karmakar et al. 2009) , and the lack of correlation between reduced Bcl-2 expression and apoptosis for the SRC-1 coactivator depletion indicated that other anti-apoptotic genes or pathways compensate for the loss of Bcl-2.
Depletion of either SRC-2 or SRC-3 reduced cell proliferation. For SRC-2, this was reflected in an increased proportion of cells in G 0 G 1 and an accompanying decrease in the S/G 2 -M population of cells, independent of ligand. There was little effect on ICI-or E 2 -dependent shifts in cell cycle distribution, suggesting that SRC-2 exerts effects on cell proliferation and prevention of apoptosis that are largely independent of ERa action; estrogen and antiestrogen effects are relatively subtle in the 5-day growth assay because of the strong effect of SRC-2 depletion on basal cell growth. Little is known regarding the mechanisms by which SRC-2 affects cell proliferation and apoptosis, but one study using overexpression of this coactivator found increased proliferation and induction of CXCL12 expression, a chemokine that contributes to the survival and proliferation of cancer cells (Kishimoto et al. 2005) . In view of the differences in the ability of SRC-2 and SRC-3 depletion to negatively impact breast cancer cell proliferation, it would be interesting to compare the effect of their individual depletion in RNA profiling experiments to determine the extent to which these coactivators overlap and differ in their regulation of gene expression.
Prior studies have shown that knockdown of SRC-2 and SRC-3 reduces ERa activity to a similar extent in luciferase reporter gene assays conducted in MCF-7 cells, while the impact of these depletions on endogenous ERa targets was gene specific (Karmakar et al. 2009 ). For instance, while some genes are unaffected (e.g. c-Myc) or downregulated (e.g. pS2) by the knockdown of SRC-2 and SRC-3, some genes (e.g. PR, cyclin D1, and Bcl-2) are affected differentially by their depletion. Consistent with this, the decrease in E 2 -induced luciferase activity for SRC-2-and SRC-3-depleted cells was not uniformly mirrored in changes in PR or pS2 mRNA expression in LCC2 cells. Interestingly, the impact of p160 coactivator depletion on E 2 -induced PR and pS2 gene expression varied between MCF-7 and LCC2 cells, indicating that gene-specific coactivator usage was altered in tamoxifen-sensitive versus -resistant cells. For instance, pS2 mRNA expression in MCF-7 cells is Endocrine- Related Cancer (2011) 18 113-127 www.endocrinology-journals.org sensitive to depletion of each of the p160 coactivators, while in LCC2 cells only SRC-3 depletion reduces this gene's expression. While this is consistent with the concept that gene expression in hormone-independent breast cancer cells is less dependent on p160 coactivators (Naughton et al. 2007 ), PR expression is affected by all three SRC coactivators in LCC2 cells, while only SRC-3 depletion reduces its expression in MCF-7 cells (Karmakar et al. 2009 ). Moreover, SRC-2 exerts a repressive role in control of PR mRNA levels. This argues against global p160 coactivator-independent gene expression as a feature of hormone-independent breast cancer, and suggests that an understanding of the importance of SRC coactivators to gene expression in hormone-sensitive versus -insensitive breast cancer cells requires a genome-wide profiling approach.
In comparison to other SRC family members, the role of SRC-3 in control of cell proliferation has been relatively well characterized. Previous studies by laboratories including ours demonstrated that depletion of SRC-3 reduced MCF-7 cell growth (List et al. 2001 , Karmakar et al. 2009 and it has been shown that SRC-3 coactivates both ERa and E2F1 transcriptional activities (Louie et al. 2004 ). Failure to activate E2F1 transcriptional activity effectively blocks fibroblasts from entering S phase of the cell cycle (Louie et al. 2006) and our prior demonstration that SRC-3 depletion inhibited E 2 induction of cyclin D1 expression and progression of MCF-7 cells into S phase was in accord with a role for SRC-3 in this phase of the cell cycle (Karmakar et al. 2009 ). Consistent with these prior reports, our experiments demonstrated a role for SRC-3 in G 1 to S phase transition in LCC2 cells as only SRC-3 depletion blocked the E 2 -dependent increase in cells in the S/G 2 -M phase. LCC2 cells treated with SRC-3 siRNA also lost their responsiveness to ICI treatment, indicating that ERa was unable to regulate basal cell proliferation in SRC-3-depleted cells and thereby highlighting the importance of this coactivator for ligand-independent ERa activity. Moreover, the SRC-3-AAA mutant confirms the ability of SRC-3 to promote the ligandindependent activity of ERa. It also raises the possibility that SRC-3 promotes proliferation via transcription factors other than ERa, and this is consistent with our finding that the growth of SRC-3-depleted cells was lower than for ICI-treated control cells.
These studies revealed little to no correlation between the impact of SRC depletion on E 2 -stimulated ERa transcriptional activity and cell proliferation. Depletion of SRC-2 or SRC-3 had significant effects on cell growth, but no effect on basal and only a modest effect on E 2 -dependent luciferase reporter gene activity. This would suggest that the primary p160 coactivator-dependent control of LCC2 proliferation was not via ERa, but rather by other transcription factor(s) whose activity was regulated by SRC-2 and SRC-3. There are a number of other transcription factors that could fulfill this role such as NF-kB, AP-1, STATs, ETS, p53, and E2F1 , and SRC-3 regulation of proliferation via E2F1 has been described (Louie et al. 2004 (Louie et al. , 2006 . Overexpression of SRC-3 in the mammary gland of transgenic mice is associated with elevated expression of IGF1 and activation of the PI3K/Akt signaling pathway (Torres-Arzayus et al. 2004) , and this raises the possibility of a reduction in the activity of an SRC-3-dependent signaling pathway that is important for basal proliferation of LCC2 cells. Taken together, our data suggest that the ability of SRC-2 and SRC-3 to contribute to LCC2 cell growth reflects the loss of ERa transcriptional activity (e.g. ligand effect on cell cycle) for SRC-3-depleted cells as well as loss of the activity of other transcription factors and/or signal transduction pathways that control the ligandindependent growth of these cells.
Prior experiments with estrogen-and tamoxifensensitive MCF-7 cells revealed that depletion of SRC-1 had little effect on ERa transcriptional activity while loss of SRC-2 and SRC-3 reduced ERa transcriptional activity by at least 55% as measured by luciferase reporter gene assay (Karmakar et al. 2009 ). In contrast, the impact of depleting SRC-2 or SRC-3 on ERa transcriptional activity in LCC2 cells, measured herein by the same methodology, is relatively modest thereby indicating that the receptor's transcriptional activity has become less dependent on these coactivators. A more dramatic difference was found in comparing the impact of SRC-1 depletion between the two cells types; SRC-1 had little influence on ERa-dependent ERE reporter gene expression in MCF-7 cells but was repressive in LCC2 cells. In the latter cell type, the unchanged pS2 expression and the mild reduction in E 2 -induced PR mRNA levels in SRC-1-depleted LCC2 cells indicate that SRC-1 control of transcription also is target specific. A contrast for reporter versus target gene expression also was observed for SRC-2, which stimulates luciferase levels but inhibits E 2 induction of PR mRNA. Taken together, these data indicate that the acquisition of estrogen insensitivity and/or tamoxifen resistance in LCC2 cells is accompanied by alterations in the ability of SRC family coactivators to regulate ERa transcriptional activity. It is unclear how this activity becomes less dependent on SRC coactivators in these endocrine-resistant cells or whether other coactivators become more important for S Karmakar et al.: p160 coactivators in LCC2 cell proliferation www.endocrinology-journals.org regulation of ERa. There are differences in cellular responses to the cAMP-inducing agents, forskolin, and IBMX in MCF-7 versus LCC2 cells (Al-Dhaheri & Rowan 2006) as well as TGFb expression (Arteaga et al. 1999) . The activity of both ERa (Murphy et al. 2009) as well as SRC family coactivators can be altered by cell signaling pathways (e.g. cAMP, MAPKs, etc.) and cell signaling can modulate physical interactions between ERa and p160 coactivators, particularly under ligand-independent conditions (Dutertre & Smith 2003) . This raises the possibility that differences in signaling between MCF-7 and LCC2 cells may reduce functional relationships between ERa and p160 coactivators while promoting ERa's utilization of non-p160 coactivators.
In conclusion, we have demonstrated that SRC-2 and SRC-3, but not SRC-1, control the growth of the estrogen-independent and tamoxifen-resistant LCC2 breast cancer cell line, largely through control of basal cell growth, and that there is a poor correlation between the ability of individual p160 coactivators to control ERa transcriptional activity and regulate LCC2 proliferation. The shift in coactivator regulation of ERa activity relative to proliferation may represent a key step in acquisition of an estrogen-independent and/or tamoxifen-resistant breast cancer cell growth phenotype, and suggests that targeting growth inhibition via SRC-2 and SRC-3 may be a more effective approach to inhibit the growth of tamoxifen-resistant breast cancer.
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